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SUMMARY 

The e l a s t i c  c o n s t a n t s  of  a f i b e r g l a s s  epoxy u n i d i r e c t i o n a l  

c o m p o s i t e  a r e  d e t e r m i n e d  by m e a s u r i n g  t h e  p h a s e  v e l o c i t i e s  of 

l o n g i t u d i n a l  and  shear  s t r e s s  waves v i a  t h e  t h r o u g h  t r a n s m i s s i o n  

u l t r a s o n i c  t e c h n i q u e  . T h e  waves i n t r o d u c e d  i n t o  t h e  c o m p o s i t e  

s p e c i m e n s  were g e n e r a t e d  by p i e z o c e r a m i c  t r a n s d u c e r s .  G e o m e t r i c  

l e n g t h s  and  t h e  times r e q u i r e d  t o  t r a v e l  t h o s e  l e n g t h s  were u s e d  

t o  c a l c u l a t e  t h e  p h a s e  v e l o c i t i e s .  The model of t h e  t r a n s v e r s e l y  

i s o t r o p i c  medium was a d o p t e d  t o  r e l a t e  t h e  v e l o c i t i e s  a n d  

e l a s t i c  c o n s t a n t s .  
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I N T R O D U C T I O N  

F i l a m e n t a r y  c o m p o s i t e s  have  p r o v e d  t h e i r  u s e f u l n e s s  i n  

modern a i r c r a f t ,  s p a c e c r a f t ,  l a n d  and  water v e h i c l e s ,  and  many 

o t h e r  s t r u c t u r a l  a p p l i c a t i o n s .  

One of t h e  s p e c i a l  c h a r a c t e r i s t i c s  o f  t hese  m a t e r i a l s  i s  

t h e i r  a n i s o t r o p i c  e l a s t i c  b e h a v i o r ,  t h a t  i s ,  t h e i r  e l a s t i c  

p r o p e r t i e s  which  change  wi th  o r i e n t a t i o n .  Knowledge of  s u c h  

p r o p e r t i e s  is  e s s e n t i a l  b o t h  f o r  o p t i m a l  d e s i g n  a n d  f o r  

e v a l u a t i o n  of pe r fo rmance .  E l a s t i c  p r o p e r t i e s  a r e  u s u a l l y  

r e p r e s e n t e d  by a s e t  of c o n s t a n t s  which  c a n  b e  d e t e r m i n e d  by 

c o n v e n t i o n a l  s t r e s s - s t r a i n  measu remen t s  i n  d i f f e r e n t  l o a d i n g  

c o n f i g u r a t i o n s  ( a s ,  f o r  i n s t a n c e ,  i n  s t a n d a r d  t e n s i l e  t e s t s )  o r  

by u l t r a s o n i c  methods .  

U l t r a s o n i c  t e s t i n g  i s  a n o n d e s t r u c t i v e  e v a l u a t i o n  (NDE) 

t e c h n i q u e  i n  which t h e  p r o p a g a t i o n  c h a r a c t e r i s t i c s  of  stress 

waves i n  a m a t e r i a l  a r e  d e t e r m i n e d  . The wave t r a n s m i s s i o n  

c h a r a c t e r i s t i c s  may t h e n  b e  r e l a t e d  t o  s u c h  f a c t o r s  a s  t h e  

e l a s t i c  p r o p e r t i e s  o f  t h e  ma te r i a l  o r  t h e  p r e s e n c e  of  f l a w s .  

U l t r a s o n i c  methods  have b e e n  e x t e n s i v e l y  u s e d  f o r  t h e  

d e t e r m i n a t i o n  o f  v e l o c i t i e s  of stress waves ,  e l a s t i c  c o n s t a n t s  o f  

t h e  s t i f f n e s s  m a t r i x ,  f i b e r  f r a c t i o n ,  degree o f  f i b e r  

o r i e n t a t i o n ,  p r e s e n c e  o f  v o i d s ,  a n d  a t t e n u a t i o n  and  damping 

p a r a m e t e r s  [ I - 6 1 .  One o f  t h e  main a d v a n t a g e s  o f  u l t r a s o n i c  

me thods ,  a s  t h e y  a r e  e s s e n t i a l l y  n o n d e s t r u c t i v e ,  i s  t h e i r  

s u i t a b i i i t y  f o r  t h e  e v a l i l a t i o n  o f  ?!in s e r v i c e ! ?  components  . 
The p u r p o s e  o f  t h i s  work is  t o  e s t a b l i s h  t h e  e x p e r i m e n t a l  

v a l u e s  of t h e  v e l o c i t i e s  o f  u l t r a s o n i c  waves o f  a s p e c i f i c  
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compos i t e  l a m i n a t e  of  f i b e r g l a s s  epoxy i n  which t h e  f i b e r s  a r e  

c o n t i n u o u s  and  u n i d i r e c t i o n a l .  From t h e  measu red  v e l o c i t i e s ,  

t h e  v a l u e s  o f  e l a s t i c  c o n s t a n t s  o f  t h e  s t i f f n e s s  m a t r i x  a r e  

d e t e r m i n e d .  Such  parameters  c a n  t h e n  be  u s e d  b o t h  f o r  d e s i g n  

p u r p o s e s  o r  as s t a n d a r d s  f o r  t h e  NDE e v a l u a t i o n  o f  t h e  

p e r f o r m a n c e  o f  components .  
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TRANSVERSELY ISOTROPIC COMPOSITE 

I n  f i l a m e n t a r y  c o m p o s i t e  ma te r i a l s ,  t h e  p r e s e n c e  o f  a 

d i s t i n c t i v e  f i b e r  o r i e n t a t i o n  g i v e s  r i s e  t o  e l a s t i c  a n i s o t r o p y .  

U n i d i r e c t i o n a l  f i b e r  c o m p o s i t e s  c o n s i s t  o f  a p a r a l l e l  s e t  o f  

c y l i n d r i c a l  f i b e r s  embedded i n  a n  o t h e r w i s e  homogeneous m a t r i x  

mater ia l .  If t h e  c o n s t i t u e n t  mater ia l s  a r e  i s o t r o p i c ,  t h e  

r e s u l t i n g  c o m p o s i t e  w i l l  be c l a s s i f i e d  as  t r a n s v e r s e l y  i s o t r o p i c ,  

o r  h e x a g o n a l l y  symmet r i c .  

A t r a n s v e r s e l y  i s o t r o p i c  mater ia l  c a n  be  formed f rom 

p r e p r e g  s h e e t s  of c o n t i n u o u s  p a r a l l e l  f i b e r s  t h a t  a r e  l a y e r e d  t o  

fo rm a u n i d i r e c t i o n a l  c o m p o s i t e  [7]. A s c h e m a t i c  o f  t h i s  

c o n f i g u r a t i o n  is shown i n  F i g . 1  . When t h e  t r a n s v e r s e l y  i s o t r o p i c  

model i s  a d o p t e d ,  t h e  f ibers  a r e  assumed t o  b e  randomly  a r r a n g e d  

i n  t h e  xy p l a n e .  

To c h a r a c t e r i z e  t h e  m e c h a n i c a l  b e h a v i o r  o f  t r a n s v e r s e l y  

i s o t r o p i c  m a t e r i a l s ,  f i v e  i n d e p e n d e n t  e l a s t i c  c o n s t a n t s  a r e  

r e q u i r e d  [ a ]  . 
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BASIC PRINCIPLES 

The e l a s t i c  p r o p e r t i e s  of a f i l a m e n t a r y  t r a n s v e r s e l y  

i s o t r o p i c  c o m p o s i t e  a r e  e v a l u a t e d  by m e a s u r i n g  t h e  phase 

v e l o c i t i e s  of l o n g i t u d i n a l  and  shear  p l a n e  waves p r o p a g a t i n g  

t h r o u g h  t h e  material  a t  v a r i o u s  a n g l e s  w i t h  r e spec t  t o  t h e  

f i b e r  d i r e c t i o n .  

Depending on t h e  d i r e c t i o n  c o s i n e s  c h o s e n  f o r  t h e  no rma l  o f  

t h e  p r o p a g a t i n g  wave, t h e  e q u a t i o n s  y i e l d i n g  t h e  f i v e  e l a s t i c  

c o n s t a n t s  i n  terms o f  v e l o c i t i e s  c a n  be o b t a i n e d .  These  e q u a t i o n s  

have  been  d e r i v e d  f o r  t r a n s v e r s e l y  i s o t r o p i c  m a t e r i a l s  [SI. F o r  

a C a r t e s i a n  c o o r d i n a t e  s y s t e m  x ,  y and  z i n  which  z c o i n c i d e s  

w i t h  t h e  f i b e r  d i r e c t i o n  i n  t h e  t r a n s v e r s e l y  i s o t r o p i c  m a t e r i a l ,  

t h e  r e l a t i o n s  be tween  t h e  e l a s t i c  c o n s t a n t s  o f  t h e  s t i f f n e s s  

m a t r i x  and phase  V e l o c i t i e s  a re  summarized i n  T a b l e  1 .  The 

p r o p a g a t i o n  of  waves i n  a n y  d i r e c t i o n  o r  p o l a r i z a t i o n  d i r e c t i o n  

o f  a wave is  r e p r e s e n t e d  by i t s  d i r e c t i o n  c o s i n e s  w i t h  r e s p e c t  t o  

t h e  x ,  y ,  a n d  z d i r e c t i o n s  ( f o r  example  (1,0,0) d e f i n e s  t h e  x 

d i r e c t i o n ) .  P d e n o t e s  a n  imposed l o n g i t u d i n a l  wave, f o r  which  

p r o p a g a t i o n  a n d  p o l a r i z a t i o n  d i r e c t i o n s  a r e  c o i n c i d e n t ;  S H  

d e n o t e s  an imposed shea r  wave w i t h  p o l a r i z a t i o n  i n  t h e  y a x i s  ; 

and  SV d e n o t e s  imposed shear wave w i t h  p o l a r i z a t o n  i n  t h e  x-z 

p l a n e  . 
C C a n d  C66 c a n  be d e t e r m i n e d  by 

d i r e c t  measurement  o f  t h e  v e l o c i t i e s  o f  a p p r o p r i a t e  waves 
1 1 ’  33’  44 The c o n s t a n t s  C I 

p r o p a g a t i n g  i n  t h e  p r i n c i p a l  d i r e c t i o n s  x , y  and  Z. The 

c a n  b e  d e t e r m i n e d  f o r  a wave r e m a i n i n g  c o n s t a n t ,  

p r o p a g a t i n g  a l o n g  a n  i n t e r m e d i a t e  d i r e c t i o n  be tween  t h e  a x e s  x 
‘13 ’ 
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and z . ( T a b l e  1 shows t h e  e q u a t i o n s  f o r  some i n t e r m e d i a t e  

d i r e c t i o n s ,  d e f i n e d  by t h e i r  a n g l e s  w i t h  r e s p e c t  t o  t h e  z a x i s . )  

The c o n s t a n t  C12 can  b e  c a l c u l a t e d  f rom C l l  and c66 a s  

a s  C12 = C l l -  2c66 . 
The model a d o p t e d  descr ibes  t h e  c o m p o s i t e  a s  homogeneous, so 

t he  d e n s i t y  is assumed t o  be c o n s t a n t .  The model is v a l i d  f o r  

stress waves h a v i n g  wave leng ths  t h a t  a re  l a r g e  compared w i t h  t h e  

t h i c k n e s s  of t h e  p r e p r e g  s h e e t s .  P r e v i o u s  s t u d i e s  [ 10,11] have  

shown t h a t  waves c a n  be s ca t t e r ed  by r e f l e c t i o n  if t h e  

w a v e l e n g t h s  have  d imens ions  comparab le  t o  t h e  t h i c k n e s s  of t h e  

l a m i n a  o r  t h e  f i b e r  d i a m a t e r .  E f f e c t s  o f  d i s p e r s i o n  may b e  

p r e s e n t  i n  s u c h  c a s e s ,  and  a b e t t e r  model o u g h t  b e  a l a y e r e d  

medium model i n s t e a d  of  t h e  homogeneous model.  

Fo r  t h e  homogeneous model,  t h e  c o r r e s p o n d e n c e  be tween t h e  

e l a s t i c  c o n s t a n t s  of  t h e  s t i f f n e s s  m a t r i x  and  t h e  m a g n i t u d e s  o f  

e x t e n s i o n a l  m o d u l i ,  shear  modul i ,  and P o i s s o n ' s  r a t i o s  a r e  shown 

i n  T a b l e  2 .  

For  c o m p o s i t e s  w i t h  symmet r i e s  o t h e r  t h a n  h e x a g o n a l ,  t h e  

p r o c e d u r e  of  measu r ing  v e l o c i t i e s  can  a l s o  be u s e d ,  b u t  i n  these 

cases a d i f f e r e n t  se t  and  number of  i n d e p e n d e n t  e l a s t i c  c o n s t a n t s  

must  be  d e t e r m i n e d  . I t  would b e  p o s s i b l e  t o  d e t e r m i n e  t h e  

symmetry a x e s  (if any ) of any  spec imen by making s u f f i c i e n t  

measurements .  T h i s  would i n v o l v e  a l a rge  amount of  e x p e r i m e n t a l  

work and a n a l y s i s  which could  b e  g r e a t l y  r e d u c e d  i f  some p r i o r  

i n f o r m a t i o n  is known a b o u t  t h e  symmet r i e s  o f  t h e  ma te r i a l .  
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EXPERIMENTAL PROCEDURES 

P r o c e d u r e s  and Equipment - 
The measurements  were made by t h e  t h r o u g h  t r a n s m i s s i o n  

t e c h n i q u e  u s i n g  spec imens  of d i f f e r e n t  l e n g t h s  f o r  e a c h  of  t h e  

measurement d i r e c t i o n s .  A s c h e m a t i c  of t h e  m e a s u r i n g  s y s t e m  is 

shown in F i g . 2  . The s y s t e m  c o n s i s t e d  of  a p u l s e d  o s c i l l a t o r  

(Arenbe rg  model PG-652) f o r  g e n e r a t i n g  s i n u s o i d a l  waves , a low 

f r e q u e n c y  i n d u c t o r  (Aremberg model LFT-500 ) , t w o  b roadband  (0 .1  

t o  3.0 MHz) t r a n s d u c e r s  (AET model FC-500) f o r  l o n g i t u d i n a l  waves 

w i t h  a p p r o x i m a t e l y  f l a t  s e n s i t i v i t y  of -85 d B  ( r e l a t i v e  t o  1 V /  

Bar) ,  two t r a n s d u c e r s  ( P a n a m e t r i c s  model V154) f o r  s h e a r  waves 

w i t h  nominal  r e s o n a n c e  of  2.25 MHz a n  o s c i l l o s c o p e  ( T e k t r o n i x  

model 455) , a u x i l i a r y  a t t e n u a t o r s  , and  a pneumat i c  f i x t u r e  

t h a t  p r o v i d e s  c o n s t a n t  p r e s s u r e  be tween t r a n s d u c e r s  and spec imen  

i n t e r f a c e s .  C o u p l a n t s  AET SC-6 and P a n a m e t r i c s  SWC were used  a t  

i n t e r f a c e  o f  t r a n s d u c e r s  and spec imens  f o r  l o n g i t u d i n a l  and  

s h e a r  t e s t s  r e s p e c t i v e l y .  

The t r a n s m i t t i n g  t r a n s d u c e r  is  e x c i t e d  w i t h  a t o n e  b u r s t  

v o l t a g e  s i g n a l  o f  a m p l i t u d e  100  V o l t s  ( p e a k  t o  p e a k ) ;  t h i s  

s i g n a l  imposes a stress wave (assumed p l a n e )  o n t o  t h e  spec imen .  

After  t r a v e l l i n g  t h r o u g h  t h e  s p e c i m e n ,  t h e  s i g n a l  is c a p t u r e d  by 

t h e  r e c e i g i n g  t r a n s d u c e r  and d i s p l a y e d  on t h e  o s c i l l o s c o p e  . 
The v e l o c i t y  measurements  of  u l t r a s o n i c  waves i n  t h e  

t h r o u g h  t r a n s m i s s i o n  c o n f i g u r a t i o n  may be a f f e c t e d  by many 

p a r a m e t e r s ,  i n c l u d i n g  t h e  t r a n s d u c e r - s p e c i m e n  i n t e r f a c e  p r e s s u r e ,  

t h e  mechan ica l  p r o p e r t i e s  and t h i c k n e s s  of t h e  c o u p l a n t ,  t h e  
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a l i g n m e n t  be tween  t h e  spec imen  a n d  t h e  t r a n s d u c e r ,  t h e  

n o n p a r a l l e l i s m  of t h e  f a c e s  of t h e  spec imen  a n d  t h e  i n h e r e n t  t ime 

d e l a y  of t h e  e l e c t r i c a l  sys t em.  To a v o i d  t h e s e  e f f e c t s ,  t h e  

f o l l o w i n g  s t e p s  were t a k e n :  

a )  The spec imen  was v e r y  c a r e f u l l y  c e n t e r e d  on t h e  t r a n s d u c e r  

face  . 
b) The i n t e r f a c e  p r e s s u r e  was m a i n t a i n e d  a t  4.2 Bar d u r i n g  

a l l  t h e  tests. T h i s  v a l u e  i s  s l i g h t l y  above  t h e  s a t u r a t i o n  

p r e s s u r e  [ 5 ]  a n d  g u a r a n . t e e s  a s t a b l e  o u t p u t .  

c )  The s p e c i m e n s  were machined w i t h i n  e s t a b l i s h e d  t o l e r a n c e  

l e v e l s  f o r  p a r a l l e l i s m  b e t w e e n  f a c e s  . 
d )  To e v a l u a t e  t h e  v e l o c i t y  , t h e  time s h i f t  be tween t h e  same 

i n d i v i d u a l  c y c l e  o f  t h e  i n p u t  and  o u p u t  s i g n a l s  was measured .  A 

t y p i c a l  example  cf t h e  i n p u t  and o u p u t  s i g n a l s  is shown i n  F i g . 3 .  

A few l e a d i n g  c y c l e s  were n o t  u s e d  b e c a u s e  o f  t h e i r  t r a n s i e n t  

n a t u r e .  I n  o r d e r  t o  c a n c e l  t h e  i n h e r e n t  t i m e  d e l a y  d u e  t o  t h e  

e l e c t r i c a l  s y s t e m ,  o t h e r w i s e  i d e n t i c a l  s p e c i m e n s  o f  d i f f e r e n t  

l e n g t h s  were u s e d .  If t h e  time s h i f t s  f o r  s p e c i m e n s  o f  l e n g t h s  

a r e  t r e s p e c t i v e l y ,  t h e  phase  v e l o c i t y  v c a n  b e  e x p r e s s e d  as Li i’ 

The t es t s  were conduc ted  a t  d i f f e r e n t  i n p u t  f r e q u e n c i e s :  

0.28, 0.50 ,1.0, 1.5 and  2.0 MHz The s e l e c t e d  f r e q u e n c y  

r a n g e  depended  on t h e  f r e q u e n c y  r a n g e  o f  o p e r a t i o n  o f  t h e  

t r a n s d u c e r s  and  on t h e  p u r p o s e  of  a p p l i c a t i o n  o f  t h e  v a l u e s  

measured  
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Specimens  

The m a t e r i a l  used was 3M S c o t c h p l y  1002 ,  c o n t i n u o u s  g l a s s  

f i b e r  ( t y p e  E ) i n  a 1 6 5 O C  (329'F) c u r i n g  epoxy m a t r i x .  The 

c o m p o s i t e  was c u r e d  i n  a hea ted  press a t  0.69 M N / m 2  (100 psi) 

a c c o r d i n g  3M s p e c i f i c a t i o n s  [ 121 . The r e s u l t i n g  r e s i n  c o n t e n t  

was 36 p e r c e n t  by  weight .  I n i t i a l l y  a 25.4 mm ( ?  i n )  t h i c k  p l a t e  

with d imens ions  355.6mm x 279.4 mm ( 1 4 i n  x l 2 i n )  was f a b r i c a t e d .  

After removing t h e  edges ( a p p r o x i m a t e l y  10 mm ) ,  t h e  s p e c i m e n s  

were c u t  from t h e  p l a t e  w i t h  a diamond saw. The p o s i t i o n s  o f  t h e  

spec imens  w i t h  r e s p e c t  t o  t h e  l o n g i t u d i n a l  a x i s  of  t h e  p l a t e  ( 2 )  

are  shown i n  F i g  .4 . 
The c r o s s - s e c t i o n a l  d i m e n s i o n s  were, b a s e d  on p r e v i o u s  

e x p e r i e n c e  [ 5 , l 3 ] ,  smaller t h a n  t h e  diameter o f  t h e  t r a n s d u c e r s  

faces. A l l  c r o s s - s e c t i o n s  were s q u a r e  w i t h  12.7 mm (0.5 i n )  

sides.  

The l e n g t h  t o  be t r a v e r s e d  by  t h e  waves,  r a n g e d  from 

5 m m  ( 0 . l g i n )  t o  29.6 mm ( 1 . 0 6 i n ) .  These  d i m e n s i o n s  were l i m i t e d  

by t h e  geometry of  t h e  o r i g i n a l  p l a t e  and  t h e  p o s i t i o n s  o f  t h e  

spec imens  wi th  r e spec t  t o  t h e  l o n g i t u d i n a l  a x i s  of t h e  p l a t e  

A t t e n t i o n  was g i v e n  t o  t h e  degree o f  p a r a l l e l i s m  o f  t h e  f i n a l  

s u r f a c e s  r a the r  t h a n  t o  t h e  d i m e n s i o n s  , s i n c e  t h e  l a s t  c o u l d  b e  

measured a p o s t e r i o r i  f o r  t h e  v e l o c i t y  c a l c u l a t i o n s .  The degree 

o f  pa ra l l e l i sm ( a l o n g  t h e  l e n g t h )  was m a i n t a i n e d  b e t t e r  t h a n  

f.013 mm (+_ .0005in)  on a l l  spec imens .  

S i n c e  t h e  v e l o c i t i e s  a r e  t o  be  measured i n  5 d i f f e r e n t  

d i r e c t i o n s  w i t h  r e spec t  t o  t h e  l o n g i t u d i n a l  a x i s  of t h e  p l a t e  

(O', 30°, 4 5 O ,  60°, g o o ) ,  a t  l e a s t  10 s p e c i m e n s  ( 2  spec imens  
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p e r  d i r e c t i o n )  would b e  required t o  make a l l  t h e  measurements . 
V U ~ A ~ G A O K ~ ~  iii t h e  ~ o w e ~ v e r ,  .L allow for- g o e a i ' p l e  errors an& --- l - L l - -  

m a t e r i a l ,  t h r e e  specimens of  d i f f e r e n t  l e n g t h s  were used f o r  each 

o f  t h e  d i r e c t i o n s .  
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RESULTS 

The times measured  f o r  t h e  waves t o  t r a v e l  t h r o u g h  a c e r t a i n  

t h i c k n e s s  o f  mater ia l  were f o u n d  t o  b e  i n d e p e n d e n t  o f  t h e  

f r e q u e n c y  f o r  e a c h  o f  t h e  i n v e s t i g a t e d  d i r e c t i o n s .  T h i s  f i n d i n g  

shows t h a t  t h e  material  i s  n o n d i s p e r s i v e  i n  t h e  f r e q u e n c y  r a n g e  

u s e d .  The wave s p e e d s  were c a l c u l a t e d  f rom t h e  t i m e  measu remen t s  

i n  e a c h  d i r e c t i o n ,  a n d  t h e  r e s u l t s  were a v e r a g e d .  The c o n f i d e n c e  

l e v e l  of time measuremen t s  i s  95 p e r c e n t .  The r e s u l t s  a r e  shown 

i n  T a b l e  3 .  

The l a r g e s t  v a l u e s  f o r  t h e  v e l o c i t i e s  o c c u r r e d  f o r  t h e  

imposed  l o n g i t u d i n a l  waves ,  P , f o l l o w e d  by t h e  s h e a r  waves w i t h  

p o l a r i z a t i o n  i n  t h e  xz p l a n e ,  S V ,  a n d  f i n a l l y  by t h e  s h e a r  waves 

w i t h  p o l a r i z a t i o n  i n  t h e  y d i r e c t i o n ,  SH. 

F o r  t h e  p u r p o s e  o f  c o m p a r i s o n ,  t h e  v a l u e s  o f  v e l o c i t i e s  

a l o n g  t h e  p r i n c i p a l  d i r e c t i o n s  were a l s o  c a l c u l a t e d  f rom l a y e r e d  

media t h e o r y  [ 1 4 ]  a n d  a r e  a l s o  shown i n  T a b l e  3 .  T a b l e  3 shows 

a l s o  t h e  p e r c e n t a g e  d i f f e r e n c e s  be tween t h e  e x p e r i m e n t a l  a n d  

l a y e r e d  med ia  t h e o r y  v a l u e s .  

From t h e  e x p e r i m e n t a l  v a l u e s  o f  t h e  v e l o c i t i e s  , t h e  e l a s t i c  

c o n s t a n t s  of t h e  s t i f f n e s s  m a t r i x  were c a l c u l a t e d  u s i n g  t h e  

e x p r e s s i o n s  i n  T a b l e  1 .  The v a l u e  u s e d  f o r  t h e  d e n s i t y  was 

1850 kg/m' a c c o r d i n g  t o  m a n u f a c t u r e r ' s  da ta  [ 1 2 ] .  The f i n a l  

r e s u l t s  f o r  t h e  e l a s t i c  c o n s t a n t s  of  t h e  s t i f f n e s s  m a t r i x  a r e  

shown i n  T a b l e  4 w i t h  t h e  c o r r e s p o n d i n g  e l a s t i c  modu l i  a n d  

P o i s s o n ' s  r a t i o s  shown i n  T a b l e  5 .  O b s e r v e  t h a t  t h e  

measurements  a l o n g  n o n p r i n c i p a l  d i r e c t i o n s  of  p r o p a g a t i o n  ( s u c h  

a s  t h e  d i r e c t i o n s  30°, 45' a n d  60' w i t h  r e s p e c t  t o  z ) a r e  
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s u p p o s e d  t o  g i v e  v a l u e s  of  v e l o c i t i e s  t h a t  c a n  be  u s e d  f o r  t h e  

-LA c a l c u l a t i o n  o f  t h e  same cnns.ts-a,~~t- C13 ( s e e  T a b l e  1 ) . i A&= 

a p p a r e n t l y  e x c e s s i v e  number of measu remen t s  was done b e c a u s e  f o r  

d i r e c t i o n s  o t h e r  t h a n  t h e  p r i n c i p a l  o n e s  (x, y a n d  z), t h e  e r r o r  

i n  the  t i m e  measu remen t s  c a n  be l a r g e .  T h i s  i s  due  t o  t h e  f a c t  

t h a t  t h e  d i r e c t i o n s  of p l a n e  waves o r i g i n a l l y  imposed  o n t o  t h e  

mater ia l  a r e  m o d i f i e d  by a d e v i a t i o n  e f f e c t  [15], p o s s i b l y  

i n t r o d u c i n g  e r r o r s  i n  measured  t imes.  The f i n a l  v a l u e  o f  t h e  

was o b t a i n e d  by a v e r a g i n g  t h e  i n d i v i d u a l  v a l u e s  c o n s t a n t  

c a l c u l a t e d  f o r  e a c h  o f  t h e  n o n p r i n c i p a l  d i r e c t i o n s  
Of  '13 
(30°, 45', 60') measured .  

5 3  

I n  g e n e r a l ,  whenever  t h e  same e l a s t i c  c o n s t a n t  o f  t h e  

s t i f f n e s s  m a t r i x  c o u l d  b e  c a l c u l a t e d  f rom measuremen t s  a l o n g  

d i f f e r e n t  d i r e c t i o n s ,  t h e  f ' i n a l  v a l u e  was o b t a i n e d  b y  a v e r a g i n g  

t h e  v a l u e s  o b t a i n e d  f o r  t h a t  c o n s t a n t  i n  each i n d i v i d u a l  

d i r e c t i o n .  
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C O N C L U S I O N S  

The measured p h a s e  v e l o c i t i e s  i n d i c a t e  t h a t  t h e  f i b e r g l a s s  

epoxy m a t e r i a l  t e s t e d  is n o n d i s p e r s i v e  f o r  f r e q u e n c i e s  be tween  

0 .28  and 2.0 MHz. 

The compar i son  o f  t h e  e x p e r i m e n t a l  r e s u l t s  w i t h  t h e  r e s u l t s  

or' l a y e r e d  m e d i a  t h e o r y  show r e a s o n a b l e  a g r e e m e n t  f o r  t h e  v a l u e s  

of v e l o c i t i e s  of  l o n g i t u d i n a l  waves.  F o r  s h e a r  waves ,  t h e  

p e r c e n t a g e  d i f f e r e n c e s  be tween  some o f  t h e  e x p e r i m e n t a l  a n d  

t h e o r e t i c a l  v a l u e s  i s  l a r g e  . 
The v a l u e s  of t h e  v e l o c i t i e s  were u s e d  t o  c a l c u l a t e  t h e  

e l a s t i c  c o n s t a n t s  o f  t h e  s t i f f n e s s  m a t r i x ,  e l a s t i c  modu l i  and  t h e  

P o i s s o n ' s  r a t i o s  f o r  t h e  f i b e r g l a s s  epoxy.  The v a l u e s  f o u n d  a r e  

e l a s t i c a l l y  c o m p a t i b l e  . F o r  t h e  c o m p a t i b i l i t y  o f  e l a s t i c  

p r o p e r t i e s  the Poisson's ratios v and  v must obey the 

f o l l o w i n g  c o n d i t i o n  [16] 
X Y  zx  

-1 c v 6 1  
X Y  

where 

t h e  x and  z d i r e c t i o n s ,  r e s p e c t i v e l y .  

E x  a n d  EZ are  t h e  e x t e n s i o n a l  modu l i  o f  t h e  c o m p o s i t e  in 
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TABLE 2 R e l a t i o n s  between E l a s t i c  Cons tants ,  E l a s t i c  
Moduli and P o i s s o n t s  R a t i o s  for T r a n s v e r s e l y  
I s o t r o p i c  Medium, 

I 
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I v yx= X Y  

I I v x z =  c ( + c12 1 I 

I 
13 

- I I 

I 
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I b y  - v z x  I 

I 

- I I 
I ZY - vzx  1 V 

I 
I 

44 
1 G = C  
I X Z  
I 

I 

I 
I C -  
I YZ - G x z  

i 

( *> Character izes  t h e  c o n t r a c t i o n  i n  t h e  x d i r e c t i o n  when t e n s i o n  
i s  appl ied  i n  t h e  y d i r e c t i o n .  
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TABLE 3 V e l o c i t i e s  f o r  U n i d i r e c t i o n a l  F i b e r g l a s s  Epoxy. 
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(*> A l l  a n g l e s  a r e  wi th  r e s p e c t  to z a x i s .  
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TABLE 4 Values o f  E l a s t i c  Constants  of t h e  S t i f f n e s s  Matrix.  
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TABLE 5 Values o f  E l a s t i c  Moduli and P o i s s o n ' s  R a t i o s .  
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Fig.1 Laminate fiberglass epoxy composite 
4 principal directions. 

showing 
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T i m e  

Fig.3 ' Typical input (upper) and output (lower) signals in 
through transmission measurements showing reading of 
time ti using the third positive peak of each 
signal. 
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A A '  Plane view 
C . S .  Specimen cross 

sectional view. 

Fig.4 ~ o s i t i o n  of specimens with z e s p e c t  to longitudinal 
a x i s  ( 2 )  of original plate. 
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